The colours we see reflect not only the light wavelengths presently being detected, but also those already received. To understand colour constancy therefore requires an understanding of adaptation in the visual system.
How the brain achieves colour constancy is a non-trivial question. Chromatic signals activate neurons at several levels of the visual system, and there are many different kinds of potentially useful information in a visual scene: shadows, specular reflections, diffuse reflections, chromatic borders, knowledge of the objects being viewed, and so on. The attempts to solve the constancy problem are as diverse as the number of potential cues. One computational approach is to attempt to define the illuminant and retrieve the spectral reflectance characteristic of the surface. In Figure 1 we can see how the reflectance of a surface remains constant -no matter how much longwavelength ('red') light is projected onto the surface shown, 50 % of it will be reflected, and no matter how much medium ('green') or short ('blue') light is projected onto the surface, it will always reflect 70 % and 60 % of those quantities, respectively.
There has been no shortage of proposed mechanisms that could give the visual system the information about the illuminant that it needs in order to calculate the surface reflectance properties of an object. One suggestion was that the brightest patch in a scene should be assumed to be a white surface, from which the chromatic content of the illuminant could be estimated by assuming the reflectance function of the 'white' patch to be flat. The problem with this was that, in the absence of an approximately white surface, it predicts a complete failure of colour constancy. Another possibility is that the visual system calculates the chromaticity of the illuminant by taking an average of the chromaticities in the visual scene. The two questions raised by this suggestion are whether the average chromaticity of a scene does approximate the illuminant (probably 'yes' for natural illuminants), and whether the visual system makes some use of this potential source of information. Specular reflections (highlights) can also be used to estimate the illuminant, as they accurately preserve the chromaticity of the source, but we also perceive colours in environments which do not contain specular information. So there would seem to be several ways in which the illuminant could be computed.
The driving force behind most of these suggestions for computational solutions to changes in the illuminant is the desire to explain how perfect colour constancy could be achieved. But it is not clear that this is what the visual system actually does: as Jameson and Hurvich [1] point out, the human visual system is likely to have evolved to preserve information about environmental change as well as about constancy (a hypothesis which has generated some informative experiments -see [2] , for example).
Other approaches have tended to concentrate on what might be considered to be central (meaning cortical) or peripheral (meaning retinal) mechanisms. Physiological and animal lesion experiments, for example, have focussed attention on cortical visual area V4. The cells in area V4 have large receptive fields which would be useful for integrating information across the visual scene [3] , and their responses show colour constancy [4] . Removal of area V4 results in monkeys having a deficit in colour constancy [5] , a finding which has recently found a parallel in a study of a human neuropsychological patient with damage to the lingual and fusiform gyri [6] . The responses of cells in V1, on the other hand, are dominated by wavelength. In terms of Figure 1 , V1 cells respond to the amounts of long, medium and short wavelength light reflected from the surface, and cells in V4 respond on the basis of the percentages reflected. From Figure 1 , it can be seen that, although the visual system has some measure of the amount of energy at a particular wavelength, it does not have immediate access to either of the other two components -the spectrum of the illuminant and the surface reflectance of the patch being observed.
While these studies confirm that V4 is an interesting area which undoubtedly contributes to colour constancy, they tell us nothing about what computations V4 cells might perform, nor do they suggest how other mechanisms might be important. It has been suggested that a peripheral mechanism involving von Kries adaptation of the cone photoreceptors may be important in colour constancy. In this mechanism, as the wavelength distribution of the illuminant changes, so that the wavelengths reflected from a surface change, retinal cones independently rescale their responses according to some 'normal' or 'white' standard, leaving their mean response relatively unchanged. But retinal adaptation takes many seconds and constancy is an immediate phenomenon, suggesting that this stage of adaptation cannot fully account for colour constancy.
One of the central questions to be answered in colour constancy research, then, is that of how receptoral (von Kries) and post-receptoral adaptation mechanisms affect colour appearance, and how these mechanisms differ in their effects. A recent paper by Webster and Mollon [7] addresses these issues. Subjects were given a colour matching task under two different adaptation conditions, which we might call 'retinal' and 'cortical' adaptation conditions. In the retinal adaptation condition, subjects adapted to a coloured field which remained unchanged throughout an adaptation period of three minutes, and matched colours presented in this adapted field to colours presented in a neutral adaptation field. In the cortical adaptation condition, the adapting field did not remain constant, rather, the colour of the field was modulated at 1 Hz around a particular chromaticity (point in colour space). Thus, in the cortical condition the subjects adapted to colour contrast rather than to a particular chromaticity.
The hope was that the differences between the subjects' matches in these two conditions would tell us how contrast adaptation affects colour appearance independently of light adaptation. The illuminants simulated were broad band and within the range of natural daylight changes. Webster and Mollon generated predictions of what the results would be by modelling von Kries adaptation and adaptation along a given direction in colour space. The modelling of von Kries adaptation predicted that subjects should select matches distributed around the neutral white point, leaving the mean response unchanged after adaptation. If contrast adaptation does have an additional, post-von Kries effect upon colour appearance, one would expect some loss of colour contrast sensitivity along an axis defined by the colours used in the cortical adaptation condition (Figs 2a,b) .
The empirical results gave a good fit to the theoretical approximations. The retinal adaptation condition resulted in matches predicted by an independent rescaling of the photoreceptors. The cortical adaptation condition was also a good fit to the theoretical predictions: the matches were centred around the same white point as the retinal adaptation matches, but the distribution was not even around this point. The range of matches selected by the subjects was compressed along the axis defined by colours used in the adapting field. That is, as predicted, there was a loss of contrast sensitivity. The important point here is that the experimental design allows the authors to suggest that the retinal and cortical conditions "produce independent and qualitatively different changes in colour appearance", and that the addition of the contrast component in the cortical condition suggests that "the response to chromatic contrast up to the sites of light adaptation is roughly linear".
What does this contrast adaptation buy the visual system, and how is it achieved? The loss of sensitivity shown in Figure 2b assumes that the axes A and B do not vary in their relative sensitivity -that is, that they remain correlated. One possible mechanism of contrast adaptation [8] is shown in Figure 2c and d. If the axes in colour space are decorrelated in the direction of the adapting stimulus, the effect is a rescaling of the apparent contrasts in the array and no great loss in discriminability. The implication seems to be, then, that as the colour world changes its rules, so too does the visual cortex.
Of course many questions about colour constancy remain. Like many experiments in colour vision, Webster and Mollon's data tell us how our visual system responds to simple arrays consisting of one or two emitting sources. The real fare of visual perception, however, is a feature-rich, complex environment, and in colour constancy experiments this has generated problems. The matches made by subjects are found to be subject to the instructions they are given [9] , and the operational definition of colour constancy used by different experimenters is also a problem. Some authors, using chromaticity as the 'target' of constancy find that colour constancy is so weak that it should perhaps be called colour inconstancy [10] . Others, however, using a categorical naming paradigm, find that colour constancy is extremely robust. In other words, there are clearly mechanisms other than retinal and cortical adaptation at play in colour constancy [9] .
